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Abstract
Background: Occupational exposure to crystalline silica is a well-established occupational hazard. Once in the lung,
crystalline silica particles can result in the activation of alveolar macrophages (AM), potentially leading to silicosis, a
fibrotic lung disease. Because the activation of alveolar macrophages is the beginning step in a complicated
inflammatory cascade, it is necessary to define the particle characteristics resulting in this activation. The aim of this
research was to determine the effect of the size of crystalline silica particles on the activation of macrophages.
Methods: RAW 264.7 macrophages were exposed to four different sizes of crystalline silica and their activation was
measured using electron microscopy, reactive oxygen species (ROS) generation by mitochondria, and cytokine
expression.
Results: These data identified differences in particle uptake and formation of subcellular organelles based on
particle size. In addition, these data show that the smallest particles, with a geometric mean of 0.3 μm, significantly
increase the generation of mitochondrial ROS and the expression of cytokines when compared to larger crystalline
silica particles, with a geometric mean of 4.1 μm.
Conclusion: In summary, this study presents novel data showing that crystalline silica particles with a geometric
mean of 0.3 μm enhance the activation of AM when compared to larger silica particles usually represented in
in vitro and in vivo research.
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Background
Occupational exposure to crystalline silica (CS) affects at
least 1.7 million US workers [1] and is associated with
the development of silicosis, a fibrotic lung disease
which is one of the most important occupational dis-
eases worldwide [2–4]. The National Institute for Occu-
pational Safety and Health (NIOSH) reported that 300
silicosis-related deaths occurred each year in the United
States between 1991 and 1995 [5]. During those same
years China recorded 24,000 silicosis-related deaths per
year [6]. These numbers indicate that silicosis remains a
fundamental occupational exposure problem in both the
developing and developed countries [7].
Exposure to CS occurs in many occupations and in-
dustries. The United States Occupational Safety and
Health Administration (OSHA) measured detectable
levels of respirable CS in samples collected in 255 differ-
ent industries [1]. In general, silica exposure will occur
in any occupation that includes grinding or mechanically
breaking material containing silica (mining, construc-
tion) or handling fine particles containing silica, such as
silica sand (fracking) [4, 8–12].
Although occupational exposure to CS and the related
health effects have been well documented in the scien-
tific literature, many uncertainties still exist including
the effect of the crystals’ surface characteristics, includ-
ing particle size, on the development of disease [8, 13–
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18]. Most atmospheric studies suggest that the concen-
tration of smaller particles correlates better with adverse
health effects than the concentration of larger particles
[16, 19–22]; however, there is little size-dependent tox-
icity data concerning CS. One difficulty in completing
size-dependent toxicity studies with CS is the difficulty
in separating the occupational aerosol into distinct size
ranges and in necessary quantities for toxicological stud-
ies. Recently our group published research on a novel
multi-cyclone sampling array which enables the separ-
ation of occupational aerosols into distinct size ranges
and in quantities needed for toxicological research [23].
Because smaller particles have a higher surface area
per unit mass when compared to larger particles, smaller
particles may more readily initiate potential negative bio-
logical reactions, such as inflammation [24]. Chronic in-
flammation has been implicated in the pathogenesis of
silicosis. In this scenario, the immune cells (alveolar
macrophages, epithelial cells, and fibroblasts) are acti-
vated and release a host of inflammatory cytokines and
generate reactive oxygen species (ROS), resulting in the
recruitment of additional inflammatory cells, predomin-
antly alveolar macrophages. The influx of additional in-
flammatory cells and release of ROS damages
pulmonary architecture, causing accumulation of con-
nective tissue products [7, 14, 25–27]. Knowledge of the
degree to which particle size affects the activation of
macrophages and the resulting ROS generation and in-
flammatory response is necessary for fully elucidating
the mechanisms leading to silicosis from occupational
exposure to crystalline silica.
In the present in vitro study, the macrophage response
to different-sized crystalline silica particles was evaluated
in a well-established murine model [28, 29] using the
mouse monocyte-macrophage RAW 264.7 cell line. Air-
borne CS particles were separated into four distinct size
ranges using the multi-cyclone sampling array. The
RAW 264.7 macrophages (AM) were exposed to four
different sizes of CS and their activation was measured
using electron microscopy, mitochondrial ROS (mROS)
generation, and cytokine expression.
Methods
Particles used for method evaluation
The crystalline silica (SiO2 quartz, 99.9%, 1 μm, Stock #:
4807YL) used in this study was purchased from Nano-
structured & Amorphous Materials, Inc. (Houston, TX).
Before particles were used in the experiment they were
baked at 220 °C for 24 h to destroy potential contamin-
ating endotoxins.
Particle separation
The CS particles used in this study were separated into
four distinct size ranges as presented in Table 1–
ultrafine (UF), submicron (S), respirable (R), and coarse
(C)–using a multi-cyclone sampling array (MCSA).
The MCSA was described in detail previously [23] and
particle size ranges are named for consistency with that
publication and do not match other established naming
conventions found in the literature. Briefly, the MCSA
incorporates cyclones in a series of three successive
stages. Each cyclone stage is used to capture a specific
size range of particles, in decreasing sizes with each
stage in the series. The innovative idea in this design is
to use the particles collected in the cone and grit pot of
each cyclone for characterization and analysis. In this
method, three cyclone stages and one filter stage (after
the final cyclone) were used to collect size-segregated
CS particles. The exhaust from one cyclone was con-
nected to the inlet of the next cyclone in the series using
conductive tubing. The mean particle diameter and
standard deviation for each size range, measured using
light scattering techniques (DLS/LLS), is presented in
Table 1 and scanning electron microscope (SEM) photo-
graphs at 5,000x magnification of each size range are
presented in Fig. 1.
Particle extraction from MCSA
The size-segregated particles were collected from the
grit pot of each cyclone using the procedure described
in detail in Mischler et al. [23]. Briefly, the grit pot was
first inverted and tapped on the outside, allowing the
particles to fall out of the grit pot and be collected onto
an aluminum collection disk. Any particles which did
not fall from the grit pot or particles which remained in
the cone were scraped from these surfaces using a plas-
tic or wooden scraping tool. Once the particles were re-
covered from each cyclone stage, they were stored for
later characterization and testing.
The pre-weighed filter, containing the smallest size
range of particles, was post-weighed to determine the
mass of particles collected on the filter. The particles col-
lected on the filter were then removed using the following
procedure: 1) The filter containing the particles was
placed in a 15-ml centrifugal test tube, submerged in 5 ml
of ultrapure deionized water, and sonicated for five mi-
nutes; 2) after sonication, the filter was removed from the
first tube and placed in a second tube. Five ml of ultrapure
deionized water was added to the second tube, and the
Table 1 Mean particle diameter for each size range using DLS/
LLS data
Particle name Mean (μm) Standard deviation
Coarse (C) 4.092 2.386
Respirable (R) 2.123 1.146
Submicron (S) 0.716 0.152
Ultrafine (UF) 0.294 0.098
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filter was submerged in the water and sonicated for five
minutes; 3) after sonication, the water was poured into the
first tube, which now contained 10 ml of particle-laden
water; 4) another 5 ml of ultrapure deionized water was
then added to the tube containing the filter, and the filter
was submerged into the water and sonicated for five mi-
nutes; 5) after sonication, the 5 ml of water was poured
into the first tube, which now contained 15 ml of particle-
laden water; 6) the tube containing the 15 ml of particle-
laden water was then centrifuged for seven minutes at
3901 relative centrifugal force (RCF); 7) after centrifuga-
tion, the supernatant was removed leaving the particles at
the bottom of the tube; 8) serum-free Dulbecco’s Modified
Eagle’s Medium (DMEM) was then added to the tube con-
taining the particles to achieve the desired exposure con-
centration, with the necessary volume for the addition of
DMEM calculated based on the post-weight of the filter;
9) once the particles were removed from the filter, the fil-
ter was dried and reweighed to verify the mass of particles
removed. During this study, the average removal efficiency
of the ultrafine CS particles from the filter was 90% as re-
ported previously [23].
Silica particle suspension and characterization
Stock silica suspensions were prepared by adding serum-
free DMEM into a measured mass of crystalline silica
particles to achieve the desired particle concentrations.
For cytokine analysis an exposure concentration of
50 μg/cm2 was used for all particle sizes, for live-cell ex-
periments and transmission electron microscopy (TEM)
analysis an exposure concentration of 16.6 μg/cm2 was
used for all particle sizes. The difference in silica con-
centrations between these two analyses was necessary
because the 50 μg/cm2 CS concentration completely
covered the cells, preventing collection of TEM and live-
cell data. 16.6 μg/cm2 was the highest concentration of
UF CS which did not prevent TEM and live-cell data
collection. The silica suspensions were used within two
hours of mixing with serum-free DMEM. Before each
exposure the stock solutions were sonicated for 15 min
to ensure adequate distribution of the particles and re-
duce any agglomeration. After exposure the stock solu-
tions were analyzed with dynamic light scattering, a
broadly used and widely accepted method for measuring
particle size in solution, to verify particle size distribu-
tion, as described previously [23].
Cell cultures
Cells from the mouse monocyte-macrophage RAW
264.7 cell line were purchased from American Type Tis-
sue Culture Collection (ATCC, Rockville, MD) and
maintained according to ATCC protocols at 37 °C in a
5% CO2/95% air humidified incubator. Cells were cul-
tured in DMEM with 10% fetal bovine serum (FBS) and
penicillin-streptomycin, on 75-cm2 plates. Approxi-
mately 24 h prior to exposure the cells were plated into
Fig. 1 Comparison of SEM images of the four sizes of crystalline silica particles used for this study, (a) Ultrafine (UF), (b) Submicron (S), (c)
Respirable (R), and (d) Coarse (C). Images are all at the same magnification (5,000x)
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6- or 12-well plates. Cells were seeded at a concentration
of 1.05 × 105 cells/cm2 in the indicated culture dishes
and the exposure experiments were completed when the
cells were at 80% confluency. The use of RAW 264.7
cells is an established murine model in the literature for
crystalline silica experiments [28, 29].
TEM analysis
At one, two, and four hours after exposure, cells were
fixed in 2.5% glutaraldehyde in phosphate-buffered saline
(PBS) and post-fixed in 1% osmium tetroxide in PBS,
dehydrated through a graded series of alcohols and em-
bedded in Epon (Energy Beam Sciences, Agawam, MA).
Thin (70-nm) sections were cut using a Reichert Ultracut
S (Leica, Deerborn, MI), mounted on 200-mesh copper
grids and counter-stained with 2% aqueous uranyl acetate
for seven minutes and 1% aqueous lead citrate for two mi-
nutes. Observation was with a JEOL 1011 transmission
electron microscope (Peabody, MA). After TEM images
were collected, they were formatted using Adobe Photo-
shop for brightness and contrast. In addition, during slide
preparation, a CS particle could create stretching in the
epon resin during the slicing sequence, and when stretch-
ing was severe the CS particle could fall out of the resin.
During TEM imaging, any areas where the CS particles
fell out will show as bright white, causing difficulty in
image focusing. These images were corrected by re-
coloring the white areas back to the color of the silica par-
ticles. Importantly, this may result in a slight increase in
the CS particle size for the areas that were recolored. In
the images at higher magnification, these areas are
labelled.
Live-cell analysis
Cells were seeded on 35-mm glass bottom dishes (MatTek
Corporation, Ashland, MA) and incubated with the super-
oxide indicator MitoSOX™ Red (5 μM, Invitrogen, Eugene,
OR) for 15 min at 37 °C. Cells were washed with PBS, the
media was replaced with exposure media, and the dish
was inserted into a closed, thermo-controlled (37 °C) stage
top incubator (Tokai Hit Co., Shizuoka-ken, Japan) atop
the motorized stage of an inverted Nikon TiE fluorescent
microscope (Nikon Inc., Melville, NY) equipped with a
60X oil immersion optic (Nikon, CFI PlanFluor, NA 1.43)
and NIS Elements Software. MitoSOX™ Red was excited
using a Lumencor diode-pumped light engine (SpectraX,
Lumencor Inc., Beaverton OR) and detected using a
DsRed longpass filter set (Chroma Technology Corp) and
ORCA-Flash4.0 sCMOS camera (HAMAMATSU Cor-
poration, Bridgewater, NJ). Data was collected on approxi-
mately 80 to 100 cells per stage position, with eight to ten
stage positions in each of the separate experiments for
180 min. Data were analyzed using NIS Elements (Nikon
Inc., Melville, NY). Data from three independent analyses
for each particle size were used in the statistical calcula-
tions. Stage positions in which the particles did not result
in alveolar macrophage (AM) generation of ROS were not
used in the statistical analysis.
Cytokine analysis
The effect of particle size on expression of inflammatory
cytokines was evaluated using the Bio-Plex multiplex
magnetic bead technology (LMC0001, Mouse Cytokine
20-Plex, Invitrogen/Life Technologies, Carlsbad, CA).
This assay simultaneously measured the concentration
of 20 cytokines in the cellular supernatant. At least three
independent experiments were conducted for cytokine
expression. Each experiment was conducted using a
nested triplicate model where each exposure was run in
triplicate and each sample was analyzed in triplicate. For
every experiment both a positive and negative control
were used. For the negative controls the cells were
treated only with serum-free DMEM medium. For the
positive control, the cells were treated with serum-free
DMEM containing 200 ng/ml of LPS. The effect of CS
particles on murine macrophages using control particles
such as titanium dioxide or carbon black, is well de-
scribed in the literature and thus was not repeated in
these experiments [30]. In each experiment, cells were
exposed to one of four different CS particle stock solu-
tions, described above, for two, four, or eight hours prior
to collection of the supernatant. After collection, the
supernatant was stored at −80 °C until analysis.
Statistical analysis of ROS measurements
To help understand how CS particle size affects the pro-
duction of reactive oxygen species in the mitochondria
(mROS) in AM, AM were exposed to both UF and C
particles over a 3-h exposure period and mROS produc-
tion was measured using the superoxide indicator Mito-
SOX™ Red.
In this study, fluorescence was measured at approxi-
mately three-min intervals over a period of 181 min in
samples exposed to UF and C particles. Measurements
were taken on three samples exposed to each of the two
particle sizes at each of the 61 time points. For the pur-
pose of data analysis, the 61 time points were grouped
into 30-min periods as shown in Table 2, resulting in a
larger sample size for each statistical test, and therefore
greater statistical power. Data were analyzed by six
independent-samples t-tests comparing mean fluores-
cence values across the two conditions for each time
period. A p-value less than 0.05 was considered to be
statistically significant.
Because examination of distributions of fluorescence,
using the Shapiro-Wilk test, showed that the values did
not follow a normal distribution, data were also analyzed
using the Wilcoxin test, which is the non-parametric
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counterpart of the t-test. However, since results of the
Wilcoxin test agreed with the results of the t-test in
every case, only results of the t-tests are reported.
Statistical analysis for cytokine expression
Nonparametric statistical tests, which make no assump-
tion about the distribution of the data, were used to inves-
tigate differences of cytokine expression from exposure to
the different particle sizes. A p-value less than or equal to
0.10 was considered to be statistically significant to ensure
all potentially significant differences were identified. P-
values of greater significance are noted in the figures and
tables. The Kruskal-Wallis test is the nonparametric alter-
native to the one-way analysis of variance (ANOVA). This
test was used to compare mean ranks among all the sam-
ples. When the results of this test were statistically signifi-
cant the null hypothesis of no difference was rejected and
post-hoc tests were run to search for pair-wise differences.
For the latter analysis, the Wilcoxon rank sum test, the
nonparametric analogue to the t-test for independent
samples was used. For both the Kruskal-Wallis and Wil-
coxon tests, exact probabilities were calculated [31].
Results
TEM Images of RAW cells after exposure with two sizes of
crystalline silica
In order to visualize the difference in the handling of UF
particles and C particles by AM, RAW 264.7 AM were
exposed to UF and C particles for one, two, and four
hours. At the appointed time the cells were fixed and
stored until image collection, as discussed in the
Methods section.
Figure 2a and b present images (6,000x magnification)
of the AM cells after exposure for one hour to C and UF
particles, respectively. At this time point, the images
show that the UF particles are internalized more quickly
and in larger numbers than the coarse particles. This re-
sult is consistent with the literature showing faster
uptake of UF particles by AM. In addition, Figure 2b
shows phagolysosome (PL) swelling is starting to occur
in response to the UF particles. Figure 2c is a higher
magnification (20,000x) image of an AM exposed to UF
particles for one hour. In this micrograph, the silica par-
ticles are marked S, the mitochondria are marked M,
and W denotes a white area resulting from particles fall-
ing out of the resin, as discussed in the Methods section.
In Fig. 2c there is no evidence of UF particles in the
cytoplasm or mitochondria.
Figure 3a and b present images (6,000x magnification)
of the AM cells after exposure for two hours to C and
UF particles, respectively. These micrographs also show
that a larger number of UF particles have been internal-
ized by this time point than the C particles, once again
consistent with the literature. Figure 3a shows that by
the two-hour time period the C particles have been
phagocytized by the AM and PL swelling is apparent.
Figure 3b shows a cell with up to ten large PLs each
containing numerous UF particles. In this figure the PLs
are clearly swollen, indicating acidification and enzyme
and protease production and delivery. For the C parti-
cles, each AM is seen to have phagocytized between one
and three particles, whereas as many as 100 UF particles
have been phagocytized by this time point. Figure 3c is a
higher magnification image of an AM exposed to UF
particles for two hours and shows that each PL contains
numerous particles. In Fig. 3c there is no evidence of UF
particles in the cytoplasm or mitochondria.
Figure 4a and b present images (6,000x magnification)
of the AM cells after exposure for four hours to C and
UF particles, respectively. These images are similar to
two-hour images, where the UF particles have been
phagocytized in greater number, resulting in creation of
a higher number of PLs. The PLs are swollen but the
membrane appears to still be intact. This can be seen
more clearly in Fig. 4c, a higher magnification image of
an AM exposed to UF particles for four hours. In Fig. 4c
there is no evidence of UF particles in the cytoplasm or
mitochondria.
Generation of mitochondrial ROS
To help understand how CS particle size affects AM acti-
vation, the production of mROS in AM in response to ex-
posure to C and UF particles was measured over a three-
hour period. Means and standard deviations of MitoSOX™
Red fluorescence measurements, t-values, and p-values
are shown in Table 3. The assumption of equality of vari-
ances was not met for several of the tests, and in those
cases p-values associated with the Satterthwaite approxi-
mation of degrees of freedom are reported. Figure 5 is a
representative image from the live-cell experiments taken
at 0, 1, 2, and 3 h, for both UF (5A) and C (5B) particles.
Increase in mROS can be seen as an increase in
Table 2 Grouping of time points for ROS analysis
Time
Period




1 1, 4, 7, 10, 13, 16, 19, 22,
25, 28, 31
11 33
2 34, 37, 40, 43, 46, 49, 52,
55, 58, 61
10 30
3 64, 67, 70, 73, 76, 79, 82,
85, 88, 91
10 30
4 94, 97, 100, 103, 106, 109,
112, 115, 118, 121
10 30
5 124, 127, 130, 133, 136,
139, 142, 145, 148, 151
10 30
6 154, 157, 160, 163, 166,
169, 172, 175, 178, 181
10 30
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fluorescence. Figure 6 is a graph of the means reported in
Table 3, and shows the increase in AM mROS production
resulting from exposure to UF particles, when compared
to coarse particles.
As can be seen in Table 3, differences between the UF
and C particle size conditions were significant at the
0.01 level for Time Period 1 and significant at the 0.001
level for all other time periods. Mean fluorescence levels
were consistently higher for samples exposed to UF
particles.
It can be seen in Fig. 6 that fluorescence values in-
crease over time in both conditions. However, the in-
crease appears to be both more gradual and more linear
in samples exposed to C particles than in samples ex-
posed to UF particles. This data corroborates what was
seen in the TEM images since the PL formation should
correspond to the mROS generation.
Expression of inflammatory cytokines
As a way of elucidating the differences in expression of
inflammatory cytokines based on exposure to different
sized CS particles, we exposed AM to UF, S, R, and C
particles for two-, four- and eight-hour exposure periods.
A Luminex 200 (Bio-Plex200, Bio-Rad) was used to
measure the following cytokines in cell culture super-
natant: FGF-basic (fibroblast growth factor 2); GM-CSF
(granulocyte-macrophage colony-stimulating factor or
colony stimulating factor 2); IFN-γ (interferon-gamma);
IL-1α, IL-1β, KC (melanoma growth stimulating activity,
alpha); IL2, IL4, IL5, IL6, IL10, IL12B, IL13, IL17A, IP-
10 (CXCL10); MCP-1 (monocyte chemoattractant pro-
tein 1); MIP-1 alpha (macrophage inflammatory protein
1-alpha); MIG (CXCL9); TNF-α (tumor necrosis factor
alpha); and VEGFA (vascular endothelial growth factor
A). The data show that for each exposure period the
Fig. 2 TEM images of AM after 1-h exposure of AM to (a) Coarse particles at 6,000x magnification, (b) UF particles at 6,000x magnification, and (c)
UF particles at 20,000x magnification. In the higher magnification micrograph, the silica particles are marked S, the mitochondria are marked M,
and W denotes a white area resulting from particles falling out of the resin. Figures present a representative image of the differences in AM up-
take and handling of different sized crystalline silica particles
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positive control resulted in significantly elevated expres-
sion of the measured cytokines when compared to the
CS particle exposures and the negative controls.
The results from the Bio-Plex analysis for the two-
hour exposure period are shown for TNF-α in Fig. 7.
For this exposure period each CS particle size showed a
significant increase in expression of TNF-α when com-
pared to the negative control; however, there was no sig-
nificant difference on the expression of TNF-α based on
CS particle size. Other cytokines measured in the media
from the CS particle exposures included IL-5, IL-10, IP-
10, MCP-1, and MIP-1A, but no statistical difference
based on CS particle size was found for any of these in-
flammatory cytokines (Data not shown).
The results from the Bio-Plex analysis for the four-
hour exposure period are presented for TNF-α in Fig. 8.
At this exposure period each CS particle size showed a
significant increase (p-value < = 0.005) on expression of
TNF-α when compared to the negative control samples.
In addition, both the UF and the S particles showed a
statistically significant increase in expression of TNF-α
when compared to both the C and R particles. Other cy-
tokines measured during this analysis showing a signifi-
cant difference of expression from exposure to UF
versus C particles are as follows: MCP-1 (p-value = 0.07);
IL-12 (p-value = 0.003); IL-5 (p-value = 0.002; and IL-6
(p-value = 0.013). These data also corroborate those seen
in Figs. 2 through 4, since the cytokine production
would be expected to be delayed when compared to
both PL formation and mROS generation.
The results from the Bio-Plex analysis for the eight-
hour exposure period are presented for TNF-α in Fig. 9.
Fig. 3 TEM images of AM after 2-h exposure of AM to (a) Coarse particles at 6,000x magnification, (b) UF particles at 6,000x magnification, and (c)
UF particles at 20,000x magnification. In the higher magnification micrograph, the silica particles are marked S, the mitochondria are marked M,
and W denotes a white area resulting from particles falling out of the resin. Figures present a representative image of the differences in AM up-
take and handling of different sized crystalline silica particles
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At this exposure period, each CS particle size showed a
significant increase (p-value < = 0.005) on the expression
of TNF-α when compared to the negative control sam-
ples. Also, the UF particles were found to significantly
enhance the expression of TNF-α when compared to the
other three particle sizes.
Discussion
This study aimed to understand the effect of different
sized crystalline silica particles on the activation and re-
sponse of murine alveolar macrophages. For this study,
the CS was divided into four distinct size ranges-C
(4 μm), R (2 μm), S (0.7 μm), and UF (0.3 μm)-using a
multi-cyclone sampling array. This method is capable of
separating airborne occupational aerosols into distinct
size ranges as described in the Methods section. The CS
particles at each size range were well defined both in the
air and in the culture media.
The results of this study show a consistent relationship
between CS particle sizes and AM activation, as mea-
sured by TEM imaging, mROS generation, and inflam-
matory cytokine expression. The TEM data show that a
greater number of UF particles are phagocytized in a
shorter time period than C particles. In addition, the
number of PLs resulting from the UF exposure, the size
of the PLs, and the number of particles in each of the
PLs is increased for the UF particles when compared to
the C particles. The mROS data show both a faster and
more intense response from exposure to UF particles
versus C particles. Finally, the cytokine measurements
Fig. 4 TEM images of AM after 4-h exposure of AM to (a) Coarse particles at 6,000x magnification, (b) UF particles at 6,000x magnification, and (c)
UF particles at 20,000x magnification. In the higher magnification micrograph, the silica particles are marked S, the mitochondria are marked M,
and W denotes a white area resulting from particles falling out of the resin. Figures present a representative image of the differences in AM up-
take and handling of different sized crystalline silica particles
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showed that UF particles resulted in a significant in-
crease in TNF-α expression from the AM at four- and
eight-hour exposures when compared to C exposure.
TNF-α expression is a primary indicator of AM activa-
tion [7, 32]. Other cytokines measured during this ana-
lysis also show a significant difference in expression
between UF exposure versus C exposure at four hours,
including MCP-1, IL-12, IL-5, and IL-6. These results
agree with previous work discussing cytokine release
and AM activation due to silica exposure [28, 33, 34].
Much work, both in vivo and in vitro, is evident in the
literature comparing the effect of particle size on bio-
logical outcomes. This previous work usually agrees with
our data that smaller particles create an enhanced bio-
logical response. Typically, this previous work used engi-
neered particles produced in laboratories at specific
sizes, such as amorphous silica, titanium dioxide (TiO2),
or gold [18, 29, 35, 36]. Oberdorster et al. observed sig-
nificantly greater pulmonary inflammatory response to
ultrafine (20-nm) TiO2 in rats and mice when compared
to larger particles (250-nm) [37]. Sager et al. found that
ultrafine (21-nm) TiO2 particles caused significantly
greater inflammation and were more cytotoxic than fine
(1-μm) TiO2 particles when instilled into rats [38]. Also,
Leclerc et al. investigated in vitro the rate of macrophage
uptake and toxicity of fluorescent silica particles ranging
from 850 to 150 nm and found that the smallest parti-
cles were internalized in greater quantities [18].
Despite the above work, there are relatively few studies
comparing biological effects from different sizes of crys-
talline silica. Wiessner et al. showed that a 1-μm fraction
was more lytic to red blood cell membranes than larger
fractions; however, the larger size fractions resulted in a
greater in vivo inflammatory response [13]. In this study,
the 1-μm fraction was the smallest used. Kajiwara et al.
demonstrated that a 1.8-μm size fraction more intensely
affected the lungs of mice than a 0.7-μm size fraction
[16]. The major differences between our current study
and these previous studies are the size ranges of the par-
ticles used for exposure and the procedure for separating
the particles into these distinct size ranges. The particles
sizes used in these previous studies ranged from 1.8 to
0.7 μm whereas the range for our study was 4 μm to
0.3 μm. Wang et al. showed that silica particles in the
size fraction <200 nm were both cytotoxic and genotoxic
to human cells [17]. However, this study did not com-
pare the effects of particle size and did not use AM, so
no activation criteria were reported.
Each of these previous studies used separation tech-
nologies that allowed particle crossover between size
ranges such that smaller particles are present in larger
particle ranges and vice versa. The biological effects
measured in these experiments may have been influ-
enced by the presence of these crossover particles. In the
present study, the MCSA was used to separate the crys-
talline silica particles into distinct size ranges with little
crossover between ranges. In addition, the MCSA
method allows for the particle separation to occur from
the air in concentrations found in occupational environ-
ments. Because the particles are separated from the air,
they are unaffected by the handling steps necessary for
other separation techniques [23].
In addition to showing the significance of particle size
on the activation of AMs, our study also sheds some light
on the molecular mechanisms behind this activation. The
inflammatory effect was shown to be mediated from the
recruitment of the NALP3 inflammosome [30, 39, 40];
however, the mechanism of this recruitment and silica-
induced toxicity is still in question [27, 35]. In this study
we provide data to indicate that mROS production occurs
very early in the AM reaction to silica and coincides with
the PL formation and swelling in the AM. In addition, the
cytokine expression is delayed when compared to the
mROS production. In our data, we see a significant differ-
ence in mROS generation based on exposure to UF parti-
cles versus C particles, with the greatest difference
between 2 and 2.5 h. However, at the two-hour time point
we see no difference in cytokine expression between these
particle sizes. By four hours, a significant difference in
cytokine expression between the UF and C particle expo-
sures appears. The TEM images show an increased num-
ber of UF particles being phagocytized at two hours and
some swelling of the PLs is occurring. By the four-hour
time period, there are noticeably more PLs and they are
noticeably swelling, when compared to the same time
after C particle exposure and as the number of PLs in-
creases the generation of mROS increases. Cassel et al.
showed that cellular ROS signaling is occurring upstream
of the NALP3 inflammasome activation. Dostert et al.
Table 3 Results of independent samples t-tests for mROS pro-
duction using MitoSOX™ Red fluorescence measurements
Time Period Particle Size Mean SD t p
1 Ultrafine 42.55 60.84 3.12 .004*
Coarse 8.98 11.35
2 Ultrafine 203.81 87.86 8.76 <.0005*
Coarse 51.02 32.47
3 Ultrafine 297.86 67.92 11.54 <.0005
Coarse 96.64 67.19
4 Ultrafine 391.79 49.32 13.43 <.0005*
Coarse 145.69 87.42
5 Ultrafine 450.25 108.07 9.15 <.0005
Coarse 196.02 107.24
6 Ultrafine 477.14 151.41 6.41 <.0005
Coarse 236.56 139.18
* Based on Satterthwaite approximation
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Fig. 6 Increase in AM mROS production resulting from exposure to UF particles, when compared to coarse particles, was confirmed using
MitoSOX™ Red fluorescence. Data was collected on approximately 80 to 100 cells per stage position, with eight to ten stage positions in each of
the separate experiments for 180 min. Data were analyzed using NIS Elements (Nikon Inc., Melville, NY). Data from three independent analyses for
each particle size were used in the statistical calculations. Stage positions in which the particles did not result in AM generation of ROS were not
used in the statistical analysis
Fig. 5 To help understand how particle size affects the production of reactive oxygen species in the mitochondria (mROS) in AM we exposed
AM to both UF (a) and C (b) particles over a 3-h exposure period and measured mROS production using the superoxide indicator MitoSOX™ Red.
mROS production is demonstrated over three hours in these representative images using original magnification x10, of the live cell experiment
collected at 0, 1, 2 and 3 h, by increase in fluorescence
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suggested that these inflammasome activating cellular
ROS are generated by NADPH oxidase complexes on the
phagolysosome membrane [40].
The above information, along with the data pre-
sented in this study, lends further definition to the
pathway recently outlined by Lueng [4]. In this
process, cellular ROS is generated by both the mito-
chondria and the NAPDH oxidase after phagocytosis
and this process happens quickly after exposure. The
cellular ROS then activates the NALP3 inflammasome,
leading to expression of inflammatory cytokines. Our
data supports this mechanism since the UF particles
are more quickly incorporated into PLs and there are
a greater number of PLs formed, corresponding to an
increase in mROS generation and ultimately to
elevated expression of inflammatory cytokines. Since
only mROS was measured in this study, our data sug-
gest that the increase in cellular ROS, as described
earlier, is at least partly caused by generation of ROS
in the mitochondria.
A second possibility resulting in inflammation is the
activation of the NFκB pathway by cellular ROS. This
pathway has been shown to be activated by CS [14, 41],
resulting in the expression of TNF-α. Our data also sup-
ports this pathway, since TNF-α production continues to
increase as the number of PLs and mROS generation in-
crease in the AM. Scarfi et al. add a slightly different
perspective on this mechanism [32] by showing that cel-
lular ROS generation and TNF-α expression occur in
the absence of phagocytosis. In this case the plasma
Fig. 8 TNF-α expression after 4-h exposure to four sizes of Crystalline Silica, showing that for a 4-h exposure period each particle size created a
significant increase (p-value < = 0.005) in expression of TNF-α when compared to the negative control samples. In addition, both the UF and the
S particles showed a statistically significant increase in expression of TNF-α when compared to both the C and R particles (p-value = 0.005). ** Sig-
nificant difference from C exposure at p-value = 0.005
Fig. 7 TNF-α expression after 2-h exposure to four sizes of Crystalline Silica, showing that for a 2-h exposure period each particle size creates a
significant increase in expression of TNF-α when compared to the negative control; however, there was no significant difference on the expres-
sion of TNF-α based on particle size
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membrane appears to play a key role in the cellular ROS
generation.
Taken together, these data suggest that two potential
pathways, independent of each other, lead to the inflam-
matory response in AM. The first pathway was sug-
gested by Scarfi et al. where the cellular ROS generation
results from the CS interaction with the plasma mem-
brane prior to phagocytosis, as a result of lipid peroxida-
tion. Our data show mROS generation occurring with
the introduction of the CS particles and TNF-α expres-
sion measured at two hours after exposure. In addition,
our data show that the mROS production and TNF-α
expression increase more quickly corresponding to an
increase in the number of PLs formed. In this case, the
mROS generation would result from the PL membrane
disruption caused by CS and add to the cellular ROS
generated from the plasma membrane. Since there are a
greater number of PLs created in response to the UF
particle exposure, the difference in mROS generation be-
tween the two exposure scenarios, as well as the result-
ing TNF-α expression, should increase as the PLs are
formed. This is exactly what our data show. In this
slightly delayed scenario the inflammatory response
would result from PL generated mROS either through
the activation of the NALP3 inflammasome or through
the initiation of the NFκB cascade. In both scenarios,
the UF particles should cause an enhanced response due
first from plasma membrane interaction with a larger
number of CS particles and then from the formation of
a greater number of PLs after phagocytosis.
Conclusions
The aim of this research was to determine the effect of the
size of crystalline silica particles on the activation of
macrophages. This study provided novel data showing that
UF silica particles enhance the activation of AM when
compared to larger silica particles usually represented in in
vitro and in vivo research. These data identified differences
in particle uptake and formation of subcellular organelles
based on particle size. In addition, these data show that the
smallest particles, with a geometric mean of 0.3 μm, signifi-
cantly increase the generation of mitochondrial ROS and
the expression of cytokines when compared to larger crys-
talline silica particles, with a geometric mean of 4.1 μm.
However, these data are only meaningful if it can be shown
that UF silica particles are a relevant occupational exposure.
Recently it was shown that nanoparticles, ranging from 850
to 100 nm inhaled by rats were found in the alveolar mac-
rophages of these animals [42] providing evidence that par-
ticles as small as 100 nm can be incorporated into AMs.
Furthermore, it has been shown that in occupational envi-
ronments there is significant variation in particle size and
size-related silica content [8], and that as the average par-
ticle size of the sample decreases, the percent silica of the
sample may increase [43]. Because such substantial differ-
ences in particle size and CS content of occupational aero-
sols have been shown to occur and because we have shown
in this study that UF CS particles enhance the activation of
AM compared to larger CS particles, more research is
needed to more fully define this exposure and potential ad-
verse biological outcomes of UF silica particles. In addition,
the results of this study lend support to the growing chorus
of researchers calling for regulations based on metrics cap-
able of measuring UF and nanoparticles, to help better pro-
tect workers from this exposure.
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